To properly protect ancient buildings, it is vitally important to determine the health status of these structures in a timely manner. To easily, quickly, reliably, and quantitatively assess the structure health of ancient timber buildings, this paper proposes a structure health assessment method based on fuzzy matter-element theory improved by asymmetric proximity, and the specific assessment steps are given. First, a fuzzy matter-element model is constructed; then, to effectively solve the failure problem of the maximum membership principle, the fuzzy matter-element assessment model is improved by using the theory of asymmetric proximity. The weights determined by the entropy weight and clustering methods are then combined through the game theory combination weighting concept and, finally, the structural condition of the ancient timber buildings is classified into five grades: I favorable, II ordinary, III poor, IV inferior, and V dangerous. Ten evaluation factors were chosen: bearing capacity of the foundation soil, subbase deformation, foundation damage, column and foundation connection, bearing capacity of members, connection construction, member deformation, crack slope, crack depth, and decayed/insect attacked. Taking a building built in the Republican Period in Sino-Ocean Taikoo Li, Chengdu, as an example, this model was used to assess the building's structural condition. The results show that this method is feasible to quantitatively assess the structural condition of ancient timber buildings. It is a simple and practical assessment method that can provide a decision-making basis for maintenance, protection, and reinforcement of ancient timber buildings.
Introduction
Ancient Chinese architecture mainly consists of timber structures [1] , with nonrenewable, irreplaceable resource characteristics. Due to material aging, environmental erosion, defects, natural disasters, and various human factors, many ancient buildings are in bad condition and are in urgent need of effective protection [2] .
In recent years, scholars at home and abroad have carried out many studies on ancient buildings and have achieved good results. In general, the safety assessment methods of ancient timber buildings are mainly classified into experimental type [3, 4] , numerical simulation type [5, 6] , summary and analysis type [7, 8] , detection type [9, 10] , and monitoring type [11, 12] .
Experimental type: Zhang et al. [13] used a shaking table test to study the seismic behavior of Chinese ancient timber buildings. Xue et al. [14] studied the seismic energy dissipation of ancient timber buildings by using a shaking table and then proposed the earthquake damage assessment model of energy dissipation for members/structures. Yang et al. [15] conducted an experimental study on the mechanical properties of the timber in ancient Tibetan buildings. This type of method has the advantages of intuitiveness and minimal errors in experimental results, but it also has the disadvantages of complicated operation, high cost, the fact that only data for a specific area can be obtained, etc.
Numerical simulation type: Jaishi et al. [5] calculated the period of natural vibration of Nepali temple by means of 2 Mathematical Problems in Engineering numerical simulation (finite element method) and instrumental tests (environmental excitation) and evaluated the seismic capacity of the temple by using a seismic coefficient method. Tan et al. [16] analyzed the column-foot sliding phenomenon of ancient buildings under earthquake conditions and evaluated the effect of column-foot sliding on the seismic performance of ancient timber buildings. This type of method has the advantages of obtaining the simulated results of each area and each point quickly, as well as being less costly. However, its boundary conditions and material properties need to be simplified; it may have impact on the analysis results more or less. Besides, the results and accuracies may be different and with high randomness because the results are discretized in different forms.
Summary and analysis type: Zhou et al. [8] studied the typical aseismic problems existing in Chinese ancient timber buildings that include decay of column root, slack of TouKung, tenon pulled out of mortise, cracks of beam and column, and so on, analyzed the causes of these problems, and proposed corresponding reinforcement methods. In order to protect historic buildings from fire, Naziris et al. [17] proposed a selection and resource allocation model. This type of method is simple and practicable and can make full use of the existing research results as well as can pool ideas. However, it requires mastery of a lot of data, and it relies heavily on the availability of historical data.
Detection type: Pesci et al. [9] adopted laser scanning technology to detect and analyze the deformation of the Asinelli tower and Garisenda tower in Bologna, Italy. The results show that the tower is very sensitive to dynamic loads and should avoid or reduce the loads caused by human factors (such as the vibration caused by vehicle traffic). Xue et al. [18] studied the effect of vibration characteristics produced by subway trains on ancient timber buildings. Calderón et al. [19] studied the effect of environmental (temperature and humidity) changes on the dynamic properties of ancient masonry buildings. This type of method has the advantages of being quick, efficient, convenient, labor saving, and so on. However, detecting personnel requires advanced professional knowledge and detection skills.
Monitoring type: Fregonese et al. [20] introduced the Terrestrial Laser Scanner, which is mainly used in the monitoring of large structures into ancient buildings; this technology can build a very realistic 3D model. Dai et al. [21] collected data on material stress and deformation of structural members through the monitoring systems to study the relationship between temperature changes and strain increments. This type of method has the advantages of high sensitivity and real-time monitoring data can be provided. However, it is time-consuming and needs cautious handling by experienced professionals.
At present, there is still a lack of research on structural safety comprehensive assessment methods of ancient building. How to effectively synthesize the advantages of experimental type, numerical simulation type, summary and analysis type, detection type, and monitoring type and construct a more complete structural safety comprehensive assessment system of ancient building is a question worth discussing.
Common assessment methods include the grey incidence degree method [22] , the projection pursuit regression method [23] , the attribute recognition method [24] , and the fuzzy comprehensive method [25] . The advantages of the abovementioned assessment models are that they are easy to operate and convenient to calculate, but there are still some scientific and practical shortcomings. One such shortcoming is that the number of model control variables is limited; they are not suitable for multiobjective decision-making and multiindex assessment, and the weight assignment of assessment indexes is not reasonable. Another shortcoming is that the assessment method is simple; that is, it mainly adopts a single model for lack of consideration for cooperation between different models, without comprehensive consideration of the weight and so on.
The essence of assessing the structural condition of ancient timber buildings is the nonlinear and nondeterministic problems of the main influencing factors. Therefore, the use of effective treatments is very important. In view of the fact that the traditional matter-element assessment model can easily lose part of the information, this paper uses the asymmetric proximity method to improve the traditional matterelement assessment model, calculates assessment weights by using the entropy method and the clustering weight method to form the comprehensive weight, and constructs a comprehensive assessment method based on a fuzzy matterelement model improved by asymmetric proximity. Finally, the scientificity of the assessment method constructed is verified by examples, hoping to provide new ideas and new methods for the assessment of the structural condition of ancient timber buildings.
Method
Matter-element analysis theory consists of matter-element theory and extension set theory, the former studies conditions, and how things change and explores the ways in which things transform, whereas the latter is a mathematical tool for matter-element analysis. According to the multiindex assessment model built based on matter-element theory, the quantitative assessment results can be given with higher credibility and modern computer technology can be fully utilized for programming and calculation, and the assessment results can be quickly concluded [29] .
Fuzzy Matter-Element Assessment
Model. The fuzzy matter element takes the ordered three-dimensional population of things, properties, and fuzzy values as the basic elements in describing things; this three-dimensional approach allows us to quantitatively calculate and qualitatively analyze the characteristics or indexes of things [30] , as expressed in
where is the name of a given thing, is the feature name of the given thing, is the magnitude of about feature , and is called the fuzzy matter element if has fuzzification. A given thing has properties ( 1 , 2 , . . . , ) and each property has evaluations (V 1 , V 2 , . . . , V ); then is Mathematical Problems in Engineering 3 called the -dimensional fuzzy matter element, and it can be expressed as follows:
where nm is the -dimensional fuzzy matter element of matter elements, is the ℎ matter element = (1, 2, ⋅ ⋅ ⋅ , ), is the ℎ characteristic of the ℎ matter element , ( = 1, 2, . . . , ) is the magnitude of , ( ) represents the fuzzy magnitude of , and the fuzzy magnitude is called membership.
When calculating, ( ij ) can be standardized with the better fuzzy membership principle, that is, the smaller the superior model
the bigger the superior model
where is the ℎ characteristic magnitude of the ℎ matter element and min and max are the minimum and maximum values of ,respectively.
Membership function is obtained by a large amount of data observation and scientific calculation. The normal distribution function is generally used to represent the rules of distribution [30] , that is,
where is the parameter and > 0, 0 is the mean of the corresponding grade of the parameter range, and is the fuzzy variable that represents characteristic magnitude. Because the grade assessment criteria of the characteristic magnitude are mostly set as the parameter range, its boundary value is fuzzy, and it is a transition state of two grades. Therefore, it is feasible for the boundary value to belong to either of the two grades. From (5) we can see that when = 0 , ( ) = 1 is the maximum value; that is, the memberships of the two grades are both equal to 0.5, so there is
where and are the upper and lower boundary values of the corresponding grade of the parameter range, respectively.
Fuzzy Matter-Element Assessment Model Improved by
Asymmetric Proximity. The traditional matter-element assessment model commonly uses the principle of maximum membership to assess the calculation results. It is difficult for this principle to reflect the fuzzification of boundaries of the object to be assessed and easily loses partial information, which may lead to the failure of some assessment results. The literature [31] shows that it can effectively solve the maximum membership principle failure problem. This paper adopts the asymmetric proximity method instead of the maximum membership principle to calculate the degree of association and to assess the grade. The calculation steps of establishing the fuzzy matter-element assessment model with asymmetric proximity are as follows.
The first step is to construct the membership vector of the ℎ evaluation index:
where * is the comprehensive weight and ( ) can be calculated by (5) and (6) .
The second step is to normalize the membership vector .
First, put at the end, for any
The membership vector can be written as after normalization. The third step is to construct the feature fuzzy subset :
where is a member of the ℎ feature relative to the ℎ feature and if = , = 1; otherwise = 0; = 1, 2, ⋅ ⋅ ⋅ , , = 1, 2, ⋅ ⋅ ⋅ , . The fourth step is to calculate the asymmetric proximity. Asymmetric proximity ( , ) between vectors and can be characterized as follows:
where plays a regulatory role in the calculation of results and can mutually compensate for the role of ( ), so as to make the calculation results more conducive to grade. However, the value of should not be too big and should depend on the specific situation. Otherwise, when there are many objects to be assessed, the assessment results will congregate close to 1 or 0, which is not conducive to grade; in general, = 1 [31] . Then the asymmetric proximity ( , ) between the membership and the objects features fuzzy subset can be obtained:
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The fifth step is to assess the results:
where ( , ) represents the asymmetry proximity of this assessment object belonging to grade V and represents when ( , ) takes the maximum value.
Determination of Comprehensive Weight
The credibility of the assessment conclusions depends directly on whether the weight of each index is scientific and reasonable. To minimize the incredibility of the conclusion due to each irrational and unscientific weight coefficient, the entropy weight method and clustering weight method are used to calculate the weight of each evaluation index, and the comprehensive weight is obtained from the combination of the weights mentioned above through the game theory combination weighting concept.
The Entropy Weight Method.
Entropy reflects the dispersion degree of the research object and it is the best measurement of the uncertainty problems. The basic principle of the entropy method is to determine the weight of the evaluation factors by calculating the degree of variation of the characteristic value of the evaluation factors; that is, the greater the degree of variation of the characteristic value, the smaller the entropy and the greater the weight of the corresponding factors and vice versa. This method avoids human subjectivity and produces accurate results [32] . The main steps are as follows. The first step is to construct the original decision-making matrix:
The second step is to normalize the decision-making matrix.
In the assessment system, the quantization intervals and the order of magnitude of each index are different, and some are contradictory. For example, for some indexes, the higher the index value is, the better the result will be, but individual indexes may have opposite results. Thus, it is necessary to normalize each evaluation index. Equation (14) is used to normalize positive factors, whereas (15) is used to normalize negative factors.
where is the standard value after normalization, is the standard value before normalization, and min and max are the minimum and maximum standard values of the parameter range, respectively.
The third step is to calculate the weight allocation of each index:
where is the weight allocation of one index. The fourth step is to calculate the entropy value of each index:
where = 1/ln(n) and if = 0, then ln = 0. The fifth step is to calculate the entropy weight value of each index:
where ∑ = 1. Equation (18) shows that the larger the entropy value, the smaller the entropy weight and the smaller the contribution to the assessment result and vice versa.
The Clustering Weight Method.
The clustering weight method includes (1) the simple threshold method, (2) the threshold specimen method, (3) the expert experience method, and (4) the specimen mean difference value method. The traditional clustering model usually uses the simple threshold method to calculate the clustering weight, but this method does not take into consideration the varied amplitudes of the standard values between different indexes. The weight of each evaluation index at different grades can be determined by using the revised cluster weight method, not only taking into account the measured values of the specimens but also involving the standard value of each grade of the evaluation index [33] . The main calculation steps are as follows.
The first step is to construct the original decision-making matrix:
The second step is to normalize the data according to (14) and (15) .
where 0 is the weight allocation of each index and is the value of the actual specimen after normalization.
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The fourth step is to calculate the clustering weight:
where are the clustering weights of the ℎ index.
Determine the Comprehensive Weight with the Game
Theory Method. The model established determines each weight by using the information entropy and clustering methods and then uses game theory to obtain the comprehensive weight, that is, to find agreement or compromise between different weights and minimize the deviation between the possible weight and the basic weights to further improve the reliability of the assessment results [34] . The calculation steps are as follows. The first step is to construct a vector set of the possible weights:
where U is one possible weight vector in the possible weight vector set and is the weight coefficient. In this paper, two kinds of weights are obtained by the game theory coupling entropy method and clustering weight method, so n = 2.
The second step is to check the consistency. The index weights obtained by different weighting methods may vary a lot and even conflict with each other, so weight consistency needs to be checked before combining weights. If the weights fail to pass the consistency check [35] , they need to be adjusted to meet the requirements. The following can be used to check the consistency when n = 2:
where (1) and (2) are the two groups of weights who taking part in the game and is the index vector number of each weight group. The smaller [ The third step is to find the most satisfying weight vector.
Find the most satisfying * in all possible vector sets; that is, find the most satisfying weight coefficient to minimize the deviation between and each :
According to the differential characteristics of the matrix, the most optimized conditions of the first derivative in (24) are as follows:
The fourth step is to normalize the sets of combination coefficients.
The sets of combination coefficients 1 , 2 , . . . , can be calculated by (26) and then use (27) to normalize them. * = ∑ =1 (27) The fifth step is to calculate the comprehensive weight * = ∑ =1 *
Model Instance Verification

Health Status Grading.
Combining the maintenance measures and processing requirements, the structural condition of ancient timber buildings can be classified into five grades [36] [37] [38] [39] [40] : I favorable, II ordinary, III poor, IV inferior, and V dangerous. The corresponding relationships among structural damage classification, maintenance measures, and processing requirements of ancient timber building structural condition are shown in Table 1 .
Construct the Evaluation Index System and Index Pretreatment.
Based on related research [4, 8, 16, 26, 27, 37, 38, 41, 42] , we selected soil and foundation (including bearing capacity of foundation soil, subbase deformation, foundation damage, column, and foundation connection), and superstructure (including bearing capacity of member, connection construction, member deformation, crack slope, crack depth, and decayed/insect-attacked) as evaluation factors to construct the structural condition evaluation index system for ancient timber buildings and the evaluation criteria for these factors, as shown in Tables 2 and 3 .
Data Acquisition and Analysis.
A building built in the Republican Period in Sino-Ocean Taikoo Li, Chengdu (hereinafter referred to as a building in Chengdu, whose external facade is shown in Figure 1 ). The timber of the building is pine wood (including individual cedar wood), the retaining wall is built with grey bricks, the roof of the house is made of Chinese-style tiles laid with sand mortar, and there are 3 / 0 Column and foundation connection 4 / 0
Structure condition of ancient timber buildings Superstructure
Bearing capacity of member 5 ( /Υ 0 ) − 0.1 Connection construction 6 Member deformation c 7 100 / Crack slope 8 Crack depth 9 / Decayed/insect-attacked 10 / 0
Note: is the average compressive stress value of the foundation bed, is the characteristic value of the foundation soil bearing capacity. ℎ △ is the maximum differential settlement of plinths (mm), 0 is the center distance between adjacent plinths (mm). V is the total volume of the damaged (corrosive, puffing, loose, spalling) area of foundation, 0 is the total volume of the foundation before damage, is the actual bearing area between the bottom of the column base and foundation, 0 is the original sectional area of the column at the bottom; R is the resistance of structural members, Υ 0 is the important structural coefficient, is the effect of actions.
is the condition of the node construction, when the mode of the node and connection is correct, and there is no deficiency, takes 0∼0.10; when the mode of the node and connection is correct, there is only local deficiency on the surface, takes 0.10∼0.15; when the mode of the node and connection is improper, there is obvious deficiency in the construction, and has resulted in slight looseness and deformation of the connection, takes 0.15∼0.20; when there is obvious looseness, deformation, slippage, and crack at the surface of shear, > 0.25. is the lateral bending arch rise of the column, or the maximum deflection of the main beam, truss, or roof truss; is the unbraced length of the column, or the calculated span (mm) of the truss, roof truss, or main beam. k is the sine value of the angle between the cracks and the timber parallel to the grain; is the depth of the crack, is the section area of the members along the crack depth direction; is the total area of decay, aging deterioration, and insect-attack, 0 is the overall section area of the members. Note. The foundation soil of this building is in good condition with no obvious settlement; we do not have to worry about the bearing capacity of foundation soil. The foundation of this building's wood column is made of red sandstone, there are no obvious settlement at the column base and no obvious slab staggering between the column and foundation, and the foundation is in good condition; we do not have to worry about the bearing capacity of it. The mode of the node and connection of this building is correct, but slight looseness appears at part of the beam-column nodes. overhanging eaves both at the front and back of the building. In September 2014, it was listed in the second batch of historic buildings on the protection list in Chengdu.
Field Detection.
By use of related equipment and instruments (such as the Electronic Total Station PENTAX R-322NX, vernier caliper, and plumb bob), the concrete parameter of 9 indexes including bearing capacity of foundation soil 1 , subbase deformation 2 , foundation damage 3 , column and foundation connection 4 , connection construction 6 , member deformation 7 , crack slope 8 , crack depth 9 , and decayed/insect-attacked 10 were detected, and the related concrete data are shown in Table 4 .
Finite Element Calculation.
After the field measurements of the beam-column arrangement and member section sizes, the SAP 2000 finite element model for a building in Chengdu was established (as shown in Figure 2) . Thereinto, the BEAM element was used to simulate the columns and beams of this structure, while the PLATE element was used to simulate the floor slab and roof slab. In order to simulate the structural performance more accurately, part of the bending stiffness of the beam was released at the joint of the column and beam, so as to realize the characteristic of semirigid connection and semihinged connection; the boundary condition of the bottom of each column was hinge joint, so as to stimulate the real boundary condition of the actual structure. As for settings of the timber structural materials, the anisotropy parameters were adopted to accurately stimulate the diversity of the timber parallel to grain and perpendicular to grain.
Wind loads were applied to the structure by means of rigid plates. The specific values of the other parameters are shown in Table 5 . According to the calculation of the finite element model SAP 2000, the ratios of the resistance to the effect of action of the compression-flexure, bending, and shearing capacity of this building's members (wood column, wood brace, wood beam, purlin, and rafter) were all over 1.05, and then the index value of the bearing capacity of the members 5 was 0.95. Above all, the assessment criteria of the evaluation factors (Table 3 ) and index value (Table 4 and index value 5 ) of the comprehensive evaluation factors of the structural condition assessment of a building in Chengdu were normalized according to (14) and (15) , as shown in Tables 6 and 7 , respectively.
Health Assessment
Construct a Structural Condition Fuzzy Matter-Element of the Ancient Timber
Buildings. 0 and can be calculated according to (6) and Table 6 , so the normalized fuzzy matterelement of the structural condition of a building in Chengdu can be obtained by plugging Table 7 into (2) and (5): 
8 Mathematical Problems in Engineering The bending design strength reduction coefficient of old timber 0.9 Shear design strength parallel to grain reduction coefficient of old timber 0.9 Elastic modulus reduction coefficient of old timber 0.9 Bearing design strength perpendicular to grain reduction coefficient of old timber 0.9
Compressive design strength parallel to grain adjustment coefficient of old timber 0.95
Material reduction coefficient of new timber 1.0
Note. The beam-column nodes were calculated as the hinged connection (the beam of the overhanging support was calculated as the fixed end); the effect of the member crack is not taken into account in the checking calculation. The material reduction coefficient of timber was valued according to [26, 27] , while the load was valued according to [28] . (13)- (28), Table 4 and the index value 5 , as well as Table 6 , can be used to calculate the weight of 1 (entropy weight method), weight 2 (clustering weight method), and the comprehensive weight * (game theory) of the structural condition assessment of a building in Chengdu, as shown in Table 8 .
Calculation of Membership Degree and Asymmetrical
Proximity. The structural condition assessment membership degree of the building in Chengdu can be calculated according to the data in (7) and (29) and Table 8 , and the membership degree can be normalized to obtain ( ) , = 1, 2, ⋅ ⋅ ⋅ , 5; then the asymmetric proximity degree ( , ) of the structural condition assessment of the building in Chengdu can be obtained by plugging ( ) into (10), as shown in Table 9 .
Results and Discussion
4 ) can be obtained according to (12) , which shows that the fuzzy matter-element assessment result of the structural condition of the building in Chengdu, based on asymmetric proximity, is inferior and measures must be taken timely to some members.
The actual status of the building in Chengdu is as shown in Figure 3 . Desiccation cracks exist parallel to grain and diagonal cracks appear at most of the timber columns; the crack slope is large and the depth of cracks is close to 1/3 of the column diameter. Part of the timber columns with desiccation cracks was reinforced with an iron hoop a few years ago, but the reinforced columns cracked again, slight looseness appears at the nodes of part of the timber columns, and part of the timber columns show evidence of insect attack. Desiccation cracks appear widespread at the timber purlins; the cracks are mainly diagonal cracks and continuous longitudinal cracks, the maximum slope of the diagonal cracks exceeds 15%, and the maximum depth of cracks exceeds 1/4 of the diameter of individual purlin.
According to the stipulations in [37, 42] , when the crack slope of the tension member and tension-flexure member exceeds 10%, or the crack slope of the flexural member and eccentric compression member exceeds 15%, or the crack slope of the compression member exceeds 20%, there are serious safety risks in the structure and measures must be taken immediately. The crack slope of the compression member of the building in Chengdu is 0.17, less than the limit value 0.20 that measures must be taken immediately required in [37, 42] . According to the stipulations in references [27, 42] , when the crack depth of the wood column reaches 1/3 of the column diameter, or the crack depth of the beam-brace reaches 1/4 of the beam-brace diameter, there are serious safety risks in the structure and measures must be taken immediately. The crack depth of the wood column of the building in Chengdu is 0.27 of the column diameter; it is less than 1/3; and the crack depth of the beam-brace is also less than 1/4 of the beam-brace diameter; that is, less than the limit value that measures must be taken immediately required in [27, 42] . Therefore, according to the safety assessment limit requirements of the related indexes of timber structure in [27, 37, 42] , the structure safety of the building in Chengdu belongs to the grade "there are serious safety risks in the structure, measures must be taken timely to some members". As shown in Table 9 , by using of the fuzzy matter-element method improved by asymmetric proximity, the health status of the building in Chengdu is "inferior" and "measures must be taken timely to some members." It shows that the assessment results derived from the method in this paper are not only consistent with the results from references [27, 37, 42] but also conform to the objective reality, as well as accurate and credible. As shown in Table 9 , by use of the traditional matterelement method, the health status of the building in Chengdu is "dangerous" and "measures must be taken immediately." But the result of the fuzzy matter-element method improved by asymmetric proximity is that the health status of the building is "inferior" and "measures must be taken timely to some members." It shows that adopting the fuzzy matterelement model improved by asymmetric proximity can avoid failure judgment.
Conclusions
In this paper, 10 individual indexes including bearing capacity of foundation soil, subbase deformation, foundation damage, column and foundation connection, bearing capacity of members, connection construction, member deformation, crack slope, crack depth, and decay/insect attack were selected as evaluation factors to establish the structural condition assessment model of ancient timber buildings. The model was put into practice by analyzing a building in Chengdu, and the results show the following:
(1) The structural condition assessment model of ancient timber buildings is constructed with fuzzy matter elements based on the principle of asymmetric proximity; this model can solve the failure problem of maximum membership principle and is suitable for a multilayer and multiobjective assessment system.
(2) Adopting the game theory method to combine the weights determined by the entropy weight method and clustering method can effectively avoid the subjectivity and randomness of allocating the weight of indexes and ensure reliability of the assessment results.
(3) The calculation example shows that the assessment results are consistent with objective reality. Applying the fuzzy matter-element model improved by asymptotic proximity to analyze the structural condition of ancient timber buildings is simple, practical, and feasible; it can provide a decision-making basis for scientific protection, maintenance, and reinforcement of ancient timber buildings.
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